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B-1 cells constitute a unique subset of B cells identified in several species including mice
and humans. B-1 cells are further subdivided into B-1a and B-1b subsets as the former but
not the later express CD5.The B-1a subset contributes to innate type of immune responses
while the B-1b B cell subset contributes to adaptive responses. B-1 cell responses to B
cell receptor (BCR) as well as Toll-like receptor (TLR) ligation are tightly regulated due to
the cross-reactivity of antigen specific receptors on B-1 cells to self-antigens. B-1 cells are
elevated in several autoimmune diseases. CD5 plays a major role in down regulation of
BCR responses in the B-1a cell subset. Reduced amplification of BCR induced signals via
CD19 and autoregulation of BCR and TLR responses by B-1 cell produced IL-10 appear to
have a role in regulation of both B-1a and B-1b B cell responses. Siglec G receptors and
Lyn kinase also regulate B-1 cell responses but their differential role in the two B-1 cell
subsets is unknown.
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INTRODUCTION
B cells are heterogeneous in their surface phenotypes, anatomical
localization, capacity for self-renewal, and functional properties.
The two major subsets of the B cells are B-2 and B-1 B cells, which
were initially defined by differential expression of a classical T cell
specific differentiation antigen, CD5 (expressed on B-1 cells). The
B cell receptors (BCRs) on B-1 cells exhibit polyreactivity enabling
them to respond to conserved epitopes on microbes, but that also
leads to cross-reactivity with self-antigens. In this review we summarize the mechanisms involved in regulation of BCR and Toll-like
receptor (TLR) mediated B-1 cell activation.

transitional B cells fail to differentiate into follicular B cells, and
the few follicular B cells formed have a short lifespan (Lentz
et al., 1996; Gross et al., 2001; Schiemann et al., 2001; Gavin
et al., 2005). BAFF signaling mainly promotes B cell survival,
as enforced expression of anti-apoptotic factors Bcl-2 or Bcl-xL
restored splenic B lymphocyte development in BAFF-R mutant
mice (Amanna et al., 2003; Tardivel et al., 2004). Upon exposure
to antigen, follicular B cells undergo clonal expansion, Ig class
switching, and differentiation into plasma and memory B cells
(McHeyzer-Williams and McHeyzer-Williams, 2005). The transitional, follicular, and marginal zone B cells comprise the B-2
subset.

B-2 CELLS
B-2 cells are produced in bone marrow from hematopoietic stem
cells and migrate to secondary lymphoid organs as immature B
cells. Transitional B cells are the most immature B cells in the
spleen and are the crucial link between bone marrow immature
and peripheral mature B cells (Chung et al., 2003). These transitional B cells are called the T1 subset when they first emerge
from bone marrow, which mature into T2 subset mainly in the
spleen. The T1 subset is a stage of negative selection against
self-reactive B cells that have escaped central tolerance mechanisms in the bone marrow (Cancro et al., 1998). The T2 B
cells further mature and differentiate into follicular and marginal zone B cells (Miller et al., 2006). B cell-activating factor,
BAFF (a.k.a. B Lymphocyte Stimulator, BLyS) is essential for
the survival of mature follicular and marginal zone B cells. In
both BAFF receptor mutant and BAFF knockout mice, most

www.frontiersin.org

B-1 CELLS
B-1 cells were first identified on the basis of expression of CD5,
a pan T cell marker, on a subset of B cells (Manohar et al., 1982;
Hayakawa et al., 1983). B-1 cells are mainly present in peritoneal
cavities, pleural cavities, and various parts of intestine and constitute only a small fraction of B cells in the spleen (Kroese et al.,
1992). B-1 cell origin and development occurs primarily during
fetal and perinatal life. There have been two different models proposed for the origin of the B-1 cells, lineage model, and selection
model. The lineage model supports the existence of distinct progenitors for B-1 and B-2 cells (Hardy and Hayakawa, 1991; Kantor
et al., 1992; Herzenberg and Tung, 2006). Thus transfer of fetal
liver cells reconstituted both B-1 and B-2 cell populations, whereas
adult bone marrow transfer reconstituted conventional B (B-2)
cells but not B-1 cells. In contrast, the selection model proposes a
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common progenitor for both B-1 and B-2 cells and antigen selection (antigenic stimuli) determines the development of B cells
with B-1 or B-2 characteristics (Lam and Rajewsky, 1999; Berland
and Wortis, 2002). Studies showing that CD5 expression can be
induced by BCR signaling in the presence of certain cytokines and
BCRs specific to some antigens support antigen selection models. Lam and Rajewsky (1999) showed that co-expression of non
B-1 specific BCR (VH B-1-8 or VH glD42) along with B-1 specific
BCR (VH 12) on B cells leads to development of B-2 but not B1 cells. They proposed that expression of non B-1 specific BCR
dilutes out VH 12-containing BCR complexes on the cell surface
and presumably acts in a “dominant-negative” manner and may
not provide sufficient signals for the development of B-1 phenotype. This can perhaps best be explained by postulating that
signaling via a BCR of a certain specificity, expressed at the cell
surface at high density, is required to drive the differentiation
of B cells into the B-1 subset (Lam and Rajewsky, 1999). Both
the models are well supported by evidence and are the subject
of considerable debate. However, a recent study from Dorshkind
and colleagues identified specific B-1 cell restricted progenitors
(Lin− CD45Rlo-neg CD19+ cells) in bone marrow, which preferentially reconstituted functional B-1 B cells, but not B-2 B cells,
in vivo, providing strong support to the lineage model (MontecinoRodriguez et al., 2006). Moreover, using single hematopoietic stem
cells for reconstitution Ghosn et al. (2012) demonstrated that B-1a
cell lineage derives from a precursor that is distinct from other B
cell lineages.

B-1 CELL SUBSETS
Along with the presence of CD5 on the surface, B-1 cells are further
differentiated from B-2 cells by surface expression of CD11b (Mac1), high levels of IgM, and low levels of IgD (Tung et al., 2004).
B-1 cells are subdivided into three different subsets, B-1a, B-1b,
and B-1c, on the basis of CD5 and CD11b expression. B-1a cells
are CD11b+ CD5+ , B-1b cells are CD11b+ CD5− , and the newly
described rare subpopulation of B-1c cells is CD11b− CD5+ (Tung
et al., 2004; Hastings et al., 2006). B-1a cells have a role in innate
immunity via their contribution to natural antibodies, while B1b cells are critical in development of IgM memory cells (Berland
and Wortis, 2002). The functional properties of B-1c are essentially
similar to those of B-1a and B-1b B cells (Hastings et al., 2006). The
unique markers for B-1 cells in the human were unclear since CD5
was expressed by activated human B cells. More recently, Griffin
et al. (2011) have characterized human B-1 cell surface phenotype
and function, which resembled the properties of murine B-1 cells
very closely (Griffin et al., 2011; Griffin and Rothstein, 2012).
B-1 cells are important in protection against certain bacterial
infections such as S. pneumoniae, Borrelia hermsii as well as in the
early IgM response against viruses such as influenza (Baumgarth
et al., 2000; Alugupalli et al., 2003; Haas et al., 2005). Despite their
role in protection against infection, B-1 cell antibodies have been
found to be poly-reactive and as such are reactive to self-antigens
such as those on red blood cells, thy 1.2, single stranded DNA
(Berland and Wortis, 2002). Moreover, B-1 cells have been found
to be elevated in autoimmune diseases both in mouse and human.
In mouse models, elimination of B-1 cells by genetic deficiency
reduced autoimmunity (Duan and Morel, 2006).
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BCR SIGNALING IN B-1 CELLS

B cell receptor signaling plays a critical role in B-1 cell development, survival, or expansion. Transgenic mice or mice with
mutations that disrupt BCR signaling have a decrease in B-1 cell
numbers, and mutations that enhance BCR signaling result in
increased B-1 cell compartment (Berland and Wortis, 2002). However, the cross-reactivity of B-1 BCRs with self-antigens raised
the question of how B-1 cells are prevented from activation via
self-antigens in the absence of overt infection. Studies of BCR signaling have demonstrated distinct differences between B-1 and
B-2 cells. Engagement of BCR on B-2 cells leads to robust intracellular calcium mobilization and proliferation, while in B-1 cells,
BCR ligation induces modest calcium mobilization, little or no
proliferation, and increased apoptosis (Murakami et al., 1992;
Morris and Rothstein, 1993; Bikah et al., 1996; Sen et al., 1999).
Here we summarized the key molecules that negatively regulate
BCR and TLR signaling in B-1 cells and have a role in B-1 cell
hypo-responsiveness to BCR ligation.
Negative regulatory role of CD5 in B-1a cells

CD5 is a 67-kDa monomeric type 1 transmembrane glycoprotein,
historically also known as Lyt-1 or Ly-1. Extracellular domains
of CD5 are characterized by the presence of the highly conserved
scavenger receptor cysteine-rich domain. CD5 expression was first
identified on T cells (Boyse et al., 1968) and subsequently shown
to be expressed on B cells (Manohar et al., 1982; Okumura et al.,
1982; Hardy et al., 1983; Hayakawa et al., 1983). CD5+ B cells,
later termed B-1a cells, have unique function of “spontaneous”
IgM secretion that contributes to natural antibodies (Hayakawa
et al., 1983). Also, B-1 cells have a limited BCR repertoire with
dominant cross-reactivity to self-antigens, but expansion of these
poly-reactive B-1 cells is limited (Berland and Wortis, 2002). This
limited expansion of self-reactive B-1 cells may be in part due to
the presence of various mechanisms that negatively regulate BCR
signaling.
Various studies identified CD5 as one of the negative regulators
of BCR signaling, similar to its ability to inhibit T cell function
(Tarakhovsky et al., 1995). In B cells CD5 associates with mIgM
upon BCR stimulation (Lankester et al., 1994). However, CD5 is
shown to be constitutively associated with mIgM in peritoneal B-1
cells (Sen et al., 1999). Bikah et al. (1996) demonstrated for the first
time that CD5 negatively regulates BCR signaling in peritoneal B-1
cells. B-1 cells from both wild type (WT) and CD5 KO mice proliferated comparably in response to anti-CD40 and LPS. However,
only CD5 KO B-1 cells, but not WT B-1 cells, proliferated to antiIgM stimulation. This involved sustained calcium mobilization
and increased nuclear localization of NF-κB following BCR ligation in CD5 KO compared to WT peritoneal B-1 cells. Additionally,
blocking of CD5 association with mIgM rescued the proliferative
defect of B-1 cells upon BCR ligation (Bikah et al., 1996). Using a
novel fusion protein containing the extracellular and transmembrane domains of FcγRIIB and the cytoplasmic region of CD5
Gary-Gouy et al. (2000, 2002) showed that co-cross-linking of
BCR with the chimeric protein induced tyrosine phosphorylation in CD5 cytoplasmic tail along with rapid inhibition of BCR
induced calcium transients and extracellular regulated kinase-2
(ERK2) activation. Subsequent they showed that Y429, residue
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outside the putative immune receptor tyrosine based inhibitory
motif (ITIM) of CD5 cytoplasmic domain is responsible for the
inhibition of BCR induced calcium response, Akt relocalization
(Gary-Gouy et al., 2002), activation of the Ras/ERK2 pathway as
well as IL-2 production (Gary-Gouy et al., 2002).
Using the well-known transgenic mouse model of anti-hen
egg lysozyme (HEL) crossed to transgenic mice expressing soluble HEL (Goodnow et al., 1988), Hippen and Behrens showed
that anergic B cells expressed significant surface levels of CD5,
though lower than those expressed on typical B-1a cells. This
suggested that a low level of CD5 induction on B cells upon stimulation through auto-antigen might be sufficient to induce an
anergic state in self-reactive B cells and thus limiting production
of autoantibodies. Consistent with such a concept, CD5 KO mice,
but not CD5+ mice, that are transgenic for both HEL specific BCR
and soluble lysozyme produced antibody to the self-antigen, HEL
(Hippen et al., 2000). Also, the CD5 KO HEL specific B cells that
are no longer anergic showed enhanced proliferative responses
and calcium mobilization upon BCR ligation. Together, data from
Bikah et al. (1996) and by Hippen et al. (2000) suggested that CD5
negatively regulates BCR signaling and limits self-reactive B cell
responses. Similar to anergic B cells in the transgenic model, constitutive expression of CD5 on B-1a cells might also play a role in
limiting the expansion of auto-reactive B-1a cells.
Lyn, SHP-1, CD22 and Siglec G

B cell receptor signal transduction occurs via activation of several protein tyrosine kinases (PTK), including members of the Src
family kinases (SFKs; Cambier et al., 1994). In addition to taking
part in activation of the BCR signaling, Lyn, an SFK, negatively
regulates BCR signaling by phosphorylating the ITIM motifs in
B cell co-receptors (DeFranco et al., 1998). Phosphorylation of
ITIM motif with Lyn induces the recruitment of negative molecular switches, like protein tyrosine phosphatases (PTP; Thomas,
1995). Dasu et al. (2009) also made the surprising observation that
B-1 cells have a constitutively active Lyn. Lyn appears to have dual
roles in B-1 cells such that high doses provide negative signals,
whereas small amounts of Lyn were essential for B-1 cell activation as demonstrated by rescue of both proliferation and calcium
responses at low doses of Lyn kinase inhibitors (Dasu et al., 2009).
Several PTPs like, tyrosine-protein phosphatase non-receptor
type 6 (SHP-1/PTPN6), SHP-2, and inositol polyphosphate 50
phosphatase are involved in the inhibition of BCR signaling
(Thomas, 1995; Long, 1999). In B cells, SHP-1 associates with
inhibitory receptors like FcR, CD22, and paired Ig-like receptor,
PIR-B (Doody et al., 1995; Pani et al., 1995; Long, 1999). Motheaten and the viable motheaten mice with mutations in the SHP-1
enzyme exhibit autoimmunity and accelerated mortality due to
the presence of hyper-responsive B-1 cells (Cyster and Goodnow,
1995). Moreover, B cell specific deletion of SHP-1 leads to an
expansion of B-1 cells, rescue of BCR induced calcium response
and autoimmunity characterized by anti-DNA antibodies (Pao
et al., 2007).
Cytoplasmic domain of CD5 contains an amino acid sequence
(LAY378 KKL), with excellent homology to ITIMs of inhibitory
receptors (Perez-Villar et al., 1999) and thus can interact with SHP1. There is a constitutive association of the BCR with SHP-1 in both
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B-1 and B-2 cells (Sen et al., 1999). Upon BCR ligation association
of SHP-1 is decreased in splenic B-2 cells, but not in peritoneal B-1
cells. The persistent BCR-SHP-1 association is mediated by CD5 in
peritoneal B-1 cells and is lost in CD5 KO peritoneal B-1 cells or in
wild type B-1 cells when CD5 is sequestered away from BCR (Sen
et al., 1999). These data suggest that CD5 may negatively regulate
BCR-mediated growth signals by recruiting SHP-1 into the BCR
complex in B-1 cells.
The B cell surface molecules CD22 and CD72 can also associate with SHP-1, but were not found to have a critical role in
the anergic state of B-1 cells (Ochi and Watanabe, 2000; Lajaunias et al., 2002). However, Siglec G, another member of the
CD22 family of sialic acid binding proteins, is important for both
B-1 cell development and for regulating BCR induced calcium
responses, but not BCR induced B-1 cell proliferation (Hoffmann
et al., 2007). Interestingly, CD22−/− Siglec G−/− double knockout mice had even greater elevation of BCR induced calcium
responses in B-1 cells suggesting a role for both molecules in regulating BCR responses in B-1 cells (Jellusova et al., 2010a,b). These
double knockouts develop anti-nuclear antibodies and glomerular
nephritis (Jellusova et al., 2010b).
CD19

The inability of B-1a cells to respond well to BCR signaling with a
role for negative regulation by CD5 and SHP-1 is described above.
B-1b B cells, which are CD5 negative by definition, are equally
defective in proliferation induced by BCR cross-linking raising
the possibility that additional mechanisms may exist to downregulate BCR responses in B-1 cells (Sen et al., 1999). CD19, a
co-receptor expressed by all B cell subsets, serves as a positive
regulator of BCR signaling and is critical for B cell development
and activation (Cambier et al., 1994; Tedder et al., 1994). CD19
is shown to be involved in the development and self-renewal of
B-1 cells (Krop et al., 1996; Sato et al., 1996). Signals from CD19
and BCR act in synergy to induce robust calcium mobilization in
splenic B-2 cells (Carter et al., 1991; Fujimoto et al., 2001). Using
this criterion, Sen et al. (2002) found that both B-1a and B-1b
B cells are equally hypo-responsive to synergistic calcium mobilization obtained by co-cross-linking BCR and CD19 compared
to B-2 cells. CD19 cross-linking amplifies BCR signaling in part
by recruitment of Vav, a guanine nucleotide exchange factor for
the Rho, Rac, and Cdc42 family of small GTPases (O’Rourke et al.,
1998). Vav binds to phosphorylated tyrosine-391 of CD19 to mediate a sustained increase in intracellular Ca2+ concentration and
activation of the mitogen-activated protein kinase, JNK (O’Rourke
et al., 1998). Association of CD19 with Vav is reduced in B-1 cells
(Sen et al., 2002). Similarly BCR dependent proliferation as well as
CD19 mediated augmentation of BCR induced calcium elevation
were deficient in B-1a and B-1b B cell subsets from both spleen
and peritoneal cavity (Dasu et al., 2009). The defects in calcium
response were mainly in the mobilization of extracellular calcium
by both B-1a and B-1b B cells stimulated via CD19 and BCR.
IL-10 AND TLR SIGNALING IN B-1 CELLS

Toll-like receptors are pattern recognition receptors that recognize
pathogen-associated molecular patterns. So far eleven functional
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TLRs (TLR8 and TLR10 genes do not encode functional proteins) have been described in the mouse (Browne, 2012). Several
B cell subsets express TLRs and can be activated via TLR ligands
that result in robust proliferation and antibody secretion, even
in the absence of dendritic cell or T cell help (Genestier et al.,
2007; Gururajan et al., 2007). TLR mediated signals synergize
with self-antigen-mediated BCR signals to stimulate activation
of self-reactive B cells (Leadbetter et al., 2002), and B cell activation was severely reduced when the mice were deficient in
TLR signaling (Leadbetter et al., 2002; Browne, 2012). B-1 cells
express various TLRs (TLR1, 2, 3, 4, 7, 8, and 9; Gururajan et al.,
2007). B-1 cells are more prone to terminal plasma cell differentiation than B-2 cells upon TLR stimulation (Genestier et al.,
2007). B-1 cell activation and B-1 cell mediated auto-antibody
production are augmented upon stimulation via TLR4 or TLR9
(Murakami et al., 1994; Kubo et al., 2009). Also, TLR signaling
in B-1 cells plays an important role in the clearance of various
pathogens such as influenza virus, pneumococcus, and Borrelia spp. (Baumgarth et al., 2000; Alugupalli et al., 2003; Haas
et al., 2005). Sindhava et al. (2010) showed that peritoneal B-1
cells are hypo-responsive to various TLR ligands compared to B-2
cells.

FIGURE 1 | Regulation of B-1 B cell activation. (1 and 2) CD5 mediated
regulation – CD5 acts as an anchor for SHP-1 recruitment on cell surface
near BCR signaling complex, which in turn inhibits BCR signaling. (3)
CD19 mediated regulation – B-1 cells have defective Vav recruitment to
CD19 leading to reduced Ca2+ mobilization and cell activation upon BCR
co-stimulation. (4) Src family kinase mediated regulation – Src family
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Peritoneal B-1 cells were the first B cell subset to be reported as
being high IL-10 producers (O’Garra et al., 1992). Recently human
CD11b+ B-1 cells were also found to spontaneously secrete IL10 (Griffin and Rothstein, 2012). IL-10 is a potent regulator of
immune function through its ability to inhibit antigen presentation, pro-inflammatory cytokine production, T cell proliferation,
and acts as a key effector molecule for certain types of regulatory
T and B cells. As such, IL-10 production by B-1 cells raises the
possibility that B-1 cells may regulate their own function and/or
the function of other immunocompetent cells. Sindhava et al.
(2010) showed that among different B cell subsets from spleen
and peritoneum, B-1 cells from the peritoneum are the major IL10 producers. Peritoneal B-1a cells produced highest level of IL-10
followed by B-1b cells, whereas IL-10 production by peritoneal B-2
cells was minimal both constitutively and upon TLR stimulation
(Sindhava et al., 2010). The high levels of IL-10 produced by peritoneal B-1 cells regulated the TLR as well as BCR (Sindhava et al.,
unpublished results) induced B-1 cell proliferation in an autocrine
fashion, as B-1 cells from IL-10 knockout mice proliferated significantly more than WT B-1 cells both in vitro and in vivo. IL-10
regulated B-1 cell response to TLR by inhibiting classical NF-κB
signaling. Furthermore, IL-10 produced by peritoneal B-1 cells

kinase, Lyn, plays an essential role in phosphorylation of CD5 and
subsequent recruitment of SHP-1 on CD5. (5) IL-10 mediated
regulation – B-1 cells make high levels of IL-10 upon TLR and BCR
stimulation, which work in an autocrine manner and inhibit B-1 cell
responses by blocking degradation of IκBα and RelA translocation to the
nucleus.
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limits the clearance of B. hermsii infection (Sindhava et al., 2010).
Thus, similar to BCR signaling, TLR signaling is also regulated in
peritoneal B-1 cells, which might prevent excessive activation of
self-reactive B cells via TLR stimulation.

CONCLUDING REMARKS
B-1 cells express poly-reactive BCRs with cross-reactivity to selfantigens. Accidental activation by self-antigens is prevented by
multiple mechanisms that keep B-1 cells in anergic state. Lyn, a
major negative regulator of BCR signaling phosphorylates ITIMs
on inhibitory receptors (CD5, Siglecs, etc.) leading to recruitment
of PTPs, which antagonize the BCR mediated activation of PTKs.
Anatomical location of B-1 cells makes them prone to activation
through microbial TLR ligands that might result in auto-antibody
production. IL-10 mediated autoregulation plays a key role in controlling expansion of self-reactive B-1 cells. However, signals from

REFERENCES
Alugupalli, K. R., Gerstein, R. M., Chen,
J., Szomolanyi-Tsuda, E., Woodland, R. T., and Leong, J. M.
(2003). The resolution of relapsing fever borreliosis requires IgM
and is concurrent with expansion of
B1b lymphocytes. J. Immunol. 170,
3819–3827.
Amanna, I. J., Dingwall, J. P., and
Hayes, C. E. (2003). Enforced bcl-xL
gene expression restored splenic B
lymphocyte development in BAFFR mutant mice. J. Immunol. 170,
4593–4600.
Baumgarth, N., Chen, J., Herman, O.
C., Jager, G. C., and Herzenberg,
L. A. (2000). The role of B-1
and B-2 cells in immune protection from influenza virus infection.
Curr. Top. Microbiol. Immunol. 252,
163–169.
Berland, R., and Wortis, H. H. (2002).
Origins and functions of B-1 cells
with notes on the role of CD5. Annu.
Rev. Immunol. 20, 253–300.
Bikah, G., Carey, J., Ciallella, J. R.,
Tarakhovsky, A., and Bondada, S.
(1996). CD5-mediated negative regulation of antigen receptor-induced
growth signals in B-1 B cells. Science
274, 1906–1909.
Boyse, E. A., Miyazawa, M., Aoki, T., and
Old, L. J. (1968). Ly-A and Ly-B: two
systems of lymphocyte isoantigens
in the mouse. Proc. R. Soc. Lond. B
Biol. Sci. 170, 175–193.
Browne, E. P. (2012). Regulation of Bcell responses by Toll-like receptors.
Immunology 136, 370–379.
Cambier, J. C., Pleiman, C. M., and
Clark, M. R. (1994). Signal transduction by the B cell antigen receptor and its coreceptors. Annu. Rev.
Immunol. 12, 457–486.
Cancro, M. P., Allman, D. M., Hayes, C.
E., Lentz, V. M., Fields, R. G., Sah,

www.frontiersin.org

A. P., et al. (1998). B cell maturation and selection at the marrowperiphery interface. Immunol. Res.
17, 3–11.
Carter, R. H., Tuveson, D. A., Park,
D. J., Rhee, S. G., and Fearon, D.
T. (1991). The CD19 complex of
B lymphocytes. Activation of phospholipase C by a protein tyrosine kinase-dependent pathway that
can be enhanced by the membrane IgM complex. J. Immunol. 147,
3663–3671.
Chung, J. B., Silverman, M., and Monroe, J. G. (2003). Transitional B
cells: step by step towards immune
competence. Trends Immunol. 24,
343–349.
Cyster, J. G., and Goodnow, C.
C. (1995). Protein tyrosine phosphatase 1C negatively regulates antigen receptor signaling in B lymphocytes and determines thresholds
for negative selection. Immunity 2,
13–24.
Dasu, T., Sindhava, V., Clarke, S. H., and
Bondada, S. (2009). CD19 signaling is impaired in murine peritoneal
and splenic B-1 B lymphocytes. Mol.
Immunol. 46, 2655–2665.
DeFranco,A. L., Chan,V. W., and Lowell,
C. A. (1998). Positive and negative
roles of the tyrosine kinase Lyn in
B cell function. Semin. Immunol. 10,
299–307.
Doody, G. M., Justement, L. B.,
Delibrias, C. C., Matthews, R.
J., Lin, J., and Thomas, M. L.
(1995). A role in B cell activation
for CD22 and the protein tyrosine phosphatase SHP. Science 269,
242–244.
Duan, B., and Morel, L. (2006). Role of
B-1a cells in autoimmunity. Autoimmun. Rev. 5, 403–408.
Fujimoto, M., Poe, J. C., Hasegawa,
M., and Tedder, T. F. (2001).

CD40 and high dose TLR ligands can overcome the anergic state
of B-1 cells enabling their activation during infection. Defects in
the negative regulatory mechanisms may account for elevation of
B-1 cells and autoantibodies in lupus like autoimmune diseases.
Various molecules that negatively regulate B-1 cell activation are
summarized in Figure 1.

ACKNOWLEDGMENTS
This work was supported in part by NIH grants AI21490,AG05731,
CA09357, and AI076956, a grant from Vice President for Research,
University of Kentucky and a grant from Edward P. Evans Foundation to Subbarao Bondada. The authors acknowledge the contributions of Drs. G. Bikah, C. Venkataraman, G. Sen, R. L. Chelvarajan, Hsin-Jung Wu, Murali Gururajan, and T. Dasu who were previous members of the laboratory. Also, the authors acknowledge
Dr. M. E. Woodman and Dr. B. Stevenson for their contributions.
CD19 amplification of B lymphocyte Ca2+ responses: a role for Lyn
sequestration in extinguishing negative regulation. J. Biol. Chem. 276,
44820–44827.
Gary-Gouy, H., Bruhns, P., Schmitt,
C., Dalloul, A., Daeron, M., and
Bismuth, G. (2000). The pseudoimmunoreceptor
tyrosine-based
activation motif of CD5 mediates
its inhibitory action on B-cell
receptor signaling. J. Biol. Chem.
275, 548–556.
Gary-Gouy, H., Harriague, J., Dalloul,
A., Donnadieu, E., and Bismuth, G.
(2002). CD5-negative regulation of
B cell receptor signaling pathways
originates from tyrosine residue
Y429 outside an immunoreceptor
tyrosine-based inhibitory motif. J.
Immunol. 168, 232–239.
Gavin, A. L., Duong, B., Skog, P., AitAzzouzene, D., Greaves, D. R., Scott,
M. L., et al. (2005). deltaBAFF, a
splice isoform of BAFF, opposes fulllength BAFF activity in vivo in transgenic mouse models. J. Immunol.
175, 319–328.
Genestier, L., Taillardet, M., Mondiere,
P., Gheit, H., Bella, C., and Defrance,
T. (2007). TLR agonists selectively
promote terminal plasma cell differentiation of B cell subsets specialized
in thymus-independent responses. J.
Immunol. 178, 7779–7786.
Ghosn, E. E., Yamamoto, R., Hamanaka,
S., Yang, Y., Herzenberg, L. A.,
Nakauchi, H., et al. (2012). Distinct B-cell lineage commitment
distinguishes adult bone marrow hematopoietic stem cells.
Proc. Natl. Acad. Sci. U.S.A. 109,
5394–5398.
Goodnow, C. C., Crosbie, J., Adelstein, S., Lavoie, T. B., SmithGill, S. J., Brink, R. A. (1988).
Altered immunoglobulin expression

and functional silencing of selfreactive B lymphocytes in transgenic
mice. Nature 334, 676–682.
Griffin, D. O., Holodick, N. E.,
and Rothstein, T. L. (2011).
Human B1 cells in umbilical
cord and adult peripheral blood
express the novel phenotype
CD20+ CD27+ CD43+ CD70− .
J.
Exp. Med. 208, 67–80.
Griffin, D. O., and Rothstein, T.
L. (2012). Human “orchestrator”
CD11b(+) B1 cells spontaneously
secrete IL-10 and regulate T cell
activity. Mol. Med. 18, 1003–1008.
Gross, J. A., Dillon, S. R., Mudri,
S., Johnston, J., Littau, A., Roque,
R., et al. (2001). TACI-Ig neutralizes molecules critical for B cell
development and autoimmune disease. Impaired B cell maturation in
mice lacking BLyS. Immunity 15,
289–302.
Gururajan, M., Jacob, J., and Pulendran, B. (2007). Toll-like receptor
expression and responsiveness of
distinct murine splenic and mucosal
B-cell subsets. PLoS ONE 2:e863.
doi:10.1371/journal.pone.0000863
Haas, K. M., Poe, J. C., Steeber, D. A.,
and Tedder, T. F. (2005). B-1a and B1b cells exhibit distinct developmental requirements and have unique
functional roles in innate and adaptive immunity to S. pneumoniae.
Immunity 23, 7–18.
Hardy, R. R., and Hayakawa, K. (1991).
A developmental switch in B lymphopoiesis. Proc. Natl. Acad. Sci.
U.S.A. 88, 11550–11554.
Hardy, R. R., Hayakawa, K., Parks, D.
R., and Herzenberg, L. A. (1983).
Demonstration of B-cell maturation in X-linked immunodeficient
mice by simultaneous three-colour
immunofluorescence. Nature 306,
270–272.

December 2012 | Volume 3 | Article 372 | 5

Sindhava and Bondada

Hastings, W. D., Gurdak, S. M., Tumang,
J. R., and Rothstein, T. L. (2006).
CD5+/Mac-1- peritoneal B cells: a
novel B cell subset that exhibits characteristics of B-1 cells. Immunol.
Lett. 105, 90–96.
Hayakawa, K., Hardy, R. R., Parks, D.
R., and Herzenberg, L. A. (1983).
The “Ly-1 B” cell subpopulation
in normal immunodefective, and
autoimmune mice. J. Exp. Med. 157,
202–218.
Herzenberg, L. A., and Tung, J. W.
(2006). B cell lineages: documented
at last! Nat. Immunol. 7, 225–226.
Hippen, K. L., Tze, L. E., and Behrens, T.
W. (2000). CD5 maintains tolerance
in anergic B cells. J. Exp. Med. 191,
883–890.
Hoffmann, A., Kerr, S., Jellusova, J.,
Zhang, J., Weisel, F., Wellmann, U.,
et al. (2007). Siglec-G is a B1
cell-inhibitory receptor that controls expansion and calcium signaling of the B1 cell population. Nat.
Immunol. 8, 695–704.
Jellusova, J., Duber, S., Guckel, E.,
Binder, C. J., Weiss, S., Voll, R.
(2010a). Siglec-G regulates B1 cell
survival and selection. J. Immunol.
185, 3277–3284.
Jellusova, J., Wellmann, U., Amann,
K., Winkler, T. H., and Nitschke,
L. (2010b). CD22 x Siglec-G
double-deficient mice have massively increased B1 cell numbers and
develop systemic autoimmunity. J.
Immunol. 184, 3618–3627.
Kantor, A. B., Stall, A. M., Adams,
S., and Herzenberg, L. A. (1992).
Differential development of progenitor activity for three B-cell lineages. Proc. Natl. Acad. Sci. U.S.A. 89,
3320–3324.
Kroese, F. G., Ammerlaan, W. A., and
Deenen, G. J. (1992). Location and
function of B-cell lineages. Ann. N.
Y. Acad. Sci. 651, 44–58.
Krop, I., de Fougerolles, A. R., Hardy, R.
R., Allison, M., Schlissel, M. S., and
Fearon, D. T. (1996). Self-renewal
of B-1 lymphocytes is dependent on
CD19. Eur. J. Immunol. 26, 238–242.
Kubo, T., Uchida, Y., Watanabe, Y.,
Abe, M., Nakamura, A., Ono, M.,
et al. (2009). Augmented TLR9induced Btk activation in PIR-B–
deficient B-1 cells provokes excessive autoantibody production and
autoimmunity. J. Exp. Med. 206,
1971–1982.
Lajaunias, F., Nitschke, L., Moll, T.,
Martinez-Soria, E., Semac, I.,
Chicheportiche, Y. (2002). Differentially regulated expression and
function of CD22 in activated B-1
and B-2 lymphocytes. J. Immunol.
168, 6078–6083.
Lam, K. P., and Rajewsky, K. (1999). B
cell antigen receptor specificity and

B-1 B cell regulation

surface density together determine
B-1 versus B-2 cell development. J.
Exp. Med. 190, 471–477.
Lankester, A. C., van Schijndel, G. M.,
Cordell, J. L., van Noesel, C. J., and
van Lier, R. A. (1994). CD5 is associated with the human B cell antigen
receptor complex. Eur. J. Immunol.
24, 812–816.
Leadbetter, E. A., Rifkin, I. R.,
Hohlbaum, A. M., Beaudette,
B. C., Shlomchik, M. J., and
Marshak-Rothstein, A. (2002).
Chromatin-IgG complexes activate
B cells by dual engagement of IgM
and Toll-like receptors. Nature 416,
603–607.
Lentz, V. M., Cancro, M. P., Nashold, F.
E., and Hayes, C. E. (1996). Bcmd
governs recruitment of new B cells
into the stable peripheral B cell pool
in the A/WySnJ mouse. J. Immunol.
157, 598–606.
Long, E. O. (1999). Regulation
of immune responses through
inhibitory receptors. Annu. Rev.
Immunol. 17, 875–904.
Manohar, V., Brown, E., Leiserson, W.
M., and Chused, T. M. (1982).
Expression of Lyt-1 by a subset of
B lymphocytes. J. Immunol. 129,
532–538.
McHeyzer-Williams, L. J., and
McHeyzer-Williams, M. G. (2005).
Antigen-specific memory B cell
development. Annu. Rev. Immunol.
23, 487–513.
Miller, J. P., Stadanlick, J. E., and Cancro,
M. P. (2006). Space, selection, and
surveillance: setting boundaries with
BLyS. J. Immunol. 176, 6405–6410.
Montecino-Rodriguez, E., Leathers, H.,
and Dorshkind, K. (2006). Identification of a B-1 B cell-specified progenitor. Nat. Immunol. 7, 293–301.
Morris, D. L., and Rothstein, T. L.
(1993). Abnormal transcription factor induction through the surface
immunoglobulin M receptor of B1 lymphocytes. J. Exp. Med. 177,
857–861.
Murakami, M., Tsubata, T., Okamoto,
M., Shimizu, A., Kumagai, S., Imura,
H., et al. (1992). Antigen-induced
apoptotic death of Ly-1 B cells
responsible for autoimmune disease in transgenic mice. Nature 357,
77–80.
Murakami, M., Tsubata, T., Shinkura,
R., Nisitani, S., Okamoto, M., Yoshioka, H., et al. (1994). Oral administration of lipopolysaccharides activates B-1 cells in the peritoneal cavity and lamina propria of the gut and
induces autoimmune symptoms in
an autoantibody transgenic mouse.
J. Exp. Med. 180, 111–121.
Ochi, H., and Watanabe, T. (2000). Negative regulation of B cell receptormediated signaling in B-1 cells

Frontiers in Immunology | B Cell Biology

through CD5 and Ly49 co-receptors
via Lyn kinase activity. Int. Immunol.
12, 1417–1423.
O’Garra, A., Chang, R., Go, N., Hastings, R., Haughton, G., and Howard,
M. (1992). Ly-1 B (B-1) cells are
the main source of B cell-derived
interleukin 10. Eur. J. Immunol. 22,
711–717.
Okumura, K., Hayakawa, K., and
Tada, T. (1982). Cell-to-cell interaction controlled by immunoglobulin
genes. Role of Thy-1-, Lyt-1+, Ig+
(B0 ) cell in allotype-restricted antibody production. J. Exp. Med. 156,
443–453.
O’Rourke, L. M., Tooze, R., Turner,
M., Sandoval, D. M., Carter, R. H.,
Tybulewicz, V. L., et al. (1998). CD19
as a membrane-anchored adaptor
protein of B lymphocytes: costimulation of lipid and protein kinases
by recruitment of Vav. Immunity 8,
635–645.
Pani, G., Kozlowski, M., Cambier, J.
C., Mills, G. B., and Siminovitch,
K. A. (1995). Identification of the
tyrosine phosphatase PTP1C as a B
cell antigen receptor-associated protein involved in the regulation of
B cell signaling. J. Exp. Med. 181,
2077–2084.
Pao, L. I., Lam, K. P., Henderson,
J. M., Kutok, J. L., Alimzhanov,
M., Nitschke, L. (2007). B cellspecific deletion of protein-tyrosine
phosphatase Shp1 promotes B-1a
cell development and causes systemic autoimmunity. Immunity 27,
35–48.
Perez-Villar, J. J., Whitney, G. S., Bowen,
M. A., Hewgill, D. H., Aruffo, A. A.,
and Kanner, S. B. (1999). CD5 negatively regulates the T-cell antigen
receptor signal transduction pathway: involvement of SH2-containing
phosphotyrosine phosphatase SHP1. Mol. Cell. Biol. 19, 2903–2912.
Sato, S., Ono, N., Steeber, D. A., Pisetsky, D. S., and Tedder, T. F. (1996).
CD19 regulates B lymphocyte signaling thresholds critical for the
development of B-1 lineage cells
and autoimmunity. J. Immunol. 157,
4371–4378.
Schiemann, B., Gommerman, J. L.,Vora,
K., Cachero, T. G., Shulga-Morskaya,
S., Dobles, M., et al. (2001). An
essential role for BAFF in the normal development of B cells through
a BCMA-independent pathway. Science 293, 2111–2114.
Sen, G., Bikah, G., Venkataraman, C.,
and Bondada, S. (1999). Negative regulation of antigen receptormediated signaling by constitutive
association of CD5 with the SHP1 protein tyrosine phosphatase in
B-1 B cells. Eur. J. Immunol. 29,
3319–3328.

Sen, G., Wu, H. J., Bikah, G., Venkataraman, C., Robertson, D. A., Snow, E.
C., et al. (2002). Defective CD19dependent signaling in B-1a and B1b B lymphocyte subpopulations.
Mol. Immunol. 39, 57–68.
Sindhava, V., Woodman, M. E., Stevenson, B., and Bondada, S. (2010).
Interleukin-10 mediated autoregulation of murine B-1 B-cells
and its role in Borrelia hermsii infection. PLoS ONE 5:e11445.
doi:10.1371/journal.pone.0011445
Tarakhovsky, A., Kanner, S. B., Hombach, J., Ledbetter, J. A., Muller, W.,
Killeen, N., et al. (1995). A role for
CD5 in TCR-mediated signal transduction and thymocyte selection.
Science 269, 535–537.
Tardivel, A., Tinel, A., Lens, S., Steiner,
Q. G., Sauberli, E., Wilson, A., et
al. (2004). The anti-apoptotic factor Bcl-2 can functionally substitute
for the B cell survival but not for the
marginal zone B cell differentiation
activity of BAFF. Eur. J. Immunol. 34,
509–518.
Tedder, T. F., Zhou, L. J., and Engel,
P. (1994). The CD19/CD21 signal
transduction complex of B lymphocytes. Immunol. Today 15, 437–442.
Thomas, M. L. (1995). Positive and
negative regulation of leukocyte
activation by protein tyrosine
phosphatases. Semin. Immunol. 7,
279–288.
Tung, J. W., Parks, D. R., Moore, W.
A., and Herzenberg, L. A. (2004).
Identification of B-cell subsets: an
exposition of 11-color (Hi-D) FACS
methods. Methods Mol. Biol. 271,
37–58.
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.
Received: 29 September 2012; accepted:
21 November 2012; published online: 17
December 2012.
Citation: Sindhava VJ and Bondada S (2012) Multiple regulatory
mechanisms control B-1 B cell activation. Front. Immun. 3:372. doi:
10.3389/fimmu.2012.00372
This article was submitted to Frontiers in
B Cell Biology, a specialty of Frontiers in
Immunology.
Copyright © 2012 Sindhava and Bondada. This is an open-access article distributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduction in other forums, provided the original
authors and source are credited and subject to any copyright notices concerning
any third-party graphics etc.

December 2012 | Volume 3 | Article 372 | 6

